Helicobacter pylori is a gram-negative, microaerophilic bacterium that colonizes the human stomach (16) . Once acquired, H. pylori may persist for decades unless eradicated with antibiotic treatment. Colonization with H. pylori may lead to a chromic inflammatory response resulting in peptic ulcers, gastritis, mucosa-associated lymphoid tissue lymphomas, and gastric cancer (3, 27) . Present first-line treatments for eradication of H. pylori consist of combinations of three drugs and achieve clinical cure rates of Ͼ80%. The most common combinations are a proton pump inhibitor or ranitidine bismuth citrate and two antibiotics, clarithromycin and either amoxicillin or metronidazole (17, 27 ). An older method (standard triple therapy) of bismuth, tetracycline, and metronidazole is also used when cost is a factor or as a second-line treatment in developed countries (17) . Quadruple therapy, standard therapy plus a proton pump inhibitor, is also used as a rescue treatment when the first treatment has not been successful.
Tetracycline is a protein synthesis inhibitor with a broad spectrum of activity, active against gram-negative and -positive bacteria and mycoplasmas (24) . Its safety and low cost have led to its widespread use in human and veterinary medicine and in the food production industry (5) . The drug is actively taken up by bacteria and accumulates in the cytoplasm, where its target is the ribosome. Tetracycline binds to the 30S subunit of the ribosome and blocks the binding of aminoacyl-tRNA, thus stalling the synthesis of nascent peptide chains. Two recent crystal structures of the 30S ribosome have identified two and six tetracycline binding sites (4, 23) ; the reason for the discrepancy in the number of sites may be related to the fact that multiple low-affinity binding sites (potentially hundreds) have been identified by many biochemical studies over the last 3 decades.
With the increased use of tetracyclines has come the emerging problem of microbial resistance. There are four main mechanisms by which bacteria become resistant to tetracycline (for a recent review see reference 5). There are several classes of tetracycline efflux pumps that are widely disseminated in bacteria and located on transmissible plasmids and transposons. These pumps are single subunits containing multiple transmembrane segments and are specific for the active transport of tetracycline. A putative tetracycline efflux pump of this kind was identified in the genome of H. pylori 26695 (34) . The gene HP1165 from this organism was 27% identical to the gene for the tetracycline efflux protein tetA(P) from Clostridium spp. (29) . This putative transporter was also present in the H. pylori J99 genome sequence (1), but neither J99 nor 26695 is resistant to tetracycline. In addition to the tetracycline-specific transporters, chromosomally encoded multidrug efflux pumps, such as the MexAB-OprM system of Pseudomonas aeruginosa, confer resistance to several drugs including tetracycline, chloramphenicol, and quinolones (5) . Overexpression of the efflux pumps increases multidrug resistance, while mutants with deletions of these operons are hypersensitive to antibiotics (15, 20) .
Ribosomal protection by a soluble resistance protein, such as Tet(O), is another common mechanism in which the ribosome is able to continue protein synthesis in the presence of tetracycline (35) . Tetracycline is chased from the ribosome by the protection protein, and protein synthesis can continue. The third mechanism is the unknown chemical modification of tetracycline by an oxidoreductase that requires NADP (31) .
The most recent mechanism of resistance to be described is a mutation in the 16S rRNA. Several clinical isolates of Propionibacterium acnes (the causative agent of acne vulgaris) were found to contain a G-to-C mutation at position 1058 (Escherichia coli numbering) in their 16S rRNA genes (25) . This mutation gave a variable level of tetracycline resistance, with the MIC of tetracycline ranging from 2 to 64 g/ml (the MICs of tetracycline for wild-type P. acnes were 0.12 to 1 g/ml). There are three copies of the 16S rRNA genes in this organism, but all of the copies were apparently homogeneous. Nucleotide G1058 is located in helix 34 (h34) of the 16S rRNA adjacent to the primary (Tet-1) binding site (4, 23) , suggesting that a disturbance in the base pairing of h34 may interfere with the binding of tetracycline and thus prevent its inhibitory effect. This mutation was reproduced in an E. coli 16S rRNA gene and expressed from a plasmid, but the MIC of tetracycline for the recombinant strain increased only twofold (25) . The very slight increase in tetracycline resistance is probably due to the presence of the seven chromosomal rRNA operons in E. coli competing with the mutant plasmid copy.
Tetracycline resistance in H. pylori is relatively rare, with the vast majority of studies reporting no tetracycline resistance in clinical isolates. However, with the use of tetracycline in therapy, tetracycline-resistant isolates have started to emerge at low levels, on average 5 to 7% of isolates (12, 14) . In one recent study of clinical isolates from Shanghai, China, the level of tetracycline resistance was an astonishing 59% (39) . An early case of tetracycline resistance in Australia saw the isolation of two H. pylori strains from biopsy samples of the antrum and corpus of a patient who had failed triple therapy with colloidal bismuth subcitrate, metronidazole, and tetracycline (18) . The patient had failed two previous attempts to eradicate H. pylori by treatment with omeprazole and amoxicillin and with omeprazole, amoxicillin, and metronidazole. These isolates were highly resistant to tetracycline, with the MICs of tetracycline for the strains being Ն256 g/ml (antrum isolate) and 32 g/ml (corpus isolate) as determined by E test. They were also resistant to metronidazole (E-test MIC, Ն32 g/ml). This crossresistance to tetracycline and metronidazole was also identified in a study of tetracycline-resistant H. pylori isolates from Korea and Japan (14) . Furthermore, the resistance to both tetracycline and metronidazole was transferred to susceptible strains by transformation with the genomic DNA of the resistant organisms. Attempts to characterize the tetracycline-resistant H. pylori from the Australian study by shotgun cloning, DNA-DNA hybridizations, and PCR screening turned up no evidence of the known tetracycline resistance determinants (J. Rood, P. Crellin, D. Lyras, and P. Midolo, personal communication), suggesting that perhaps a mutation in the 16S rRNA may be responsible for resistance. The complete genome sequences of two H. pylori strains, 26695 and J99 (1, 34) , have been published elsewhere and demonstrate that this organism contains only two rRNA operons, increasing the likelihood that rRNA mutations could arise. The goal of this study was to determine the sequence of the 16S rRNA from two tetracycline-resistant H. pylori strains and test the ability of mutations in the 16S rRNA genes to mediate tetracycline resistance in this organism.
MATERIALS AND METHODS
Strains and growth conditions. Two strains of tetracycline-resistant H. pylori isolated from biopsy samples of one patient, 108 (from the antrum) and 109 (from the corpus), were obtained from P. Midolo 2 . Chloramphenicol (Sigma) was used at a concentration of 15 g/ml while the amounts of tetracycline (Sigma) and metronidazole (Sigma) used varied and are specified below. When chloramphenicol, tetracycline, or metronidazole was added to plates, the amphotericin B and vancomycin were omitted. E. coli DH5␣ (Invitrogen) was used as the host strain for plasmids created in this study.
MIC determinations. BHI-YE plates were spread with 50 l of a frozen stock of H. pylori and allowed to grow for 3 to 4 days. A small amount of cells was scraped and suspended in 500 l of BHI broth. The cell concentration was determined by readings of optical density at 600 nm and adjusted to 10 6 cells/ml by dilution in BHI-YE broth. A 4-l aliquot of each cell suspension was spotted onto BHI-YE plates containing twofold serial dilutions of tetracycline from 128 to 0.25 g/ml. Plates were incubated for up to 5 days and scored for growth at 2 to 3 days and 5 days. When it was difficult to tell if a culture had grown, the spot was scraped and plated onto a fresh BHI-YE agar plate with no tetracycline to test the viability of the bacteria. Determination of MICs of metronidazole (0.25 to 256 g/ml) was carried out using the same technique, but plates were incubated for 3 days. Plates were used within 24 h to ensure that the drug was not degraded. The MICs were confirmed by using the alternate method of MIC determination developed by Jeong et al. (11) . The quality control strain ATCC 43504 was used as a control, and the MIC for it was found to be 64 g/ml, in agreement with literature values. Both methods gave consistent results within one MIC level.
Molecular biology techniques. DNA manipulations were carried out essentially as described in the work of Sambrook et al. (26) . Restriction enzymes, polymerases, and oligonucleotides were obtained from Invitrogen and used according to the manufacturer's recommendations. Chromosomal DNA was isolated from H. pylori as described in the work of Ge and Taylor (8) . Sequencing of the H. pylori 16S rRNA genes was carried out using oligonucleotides Hp1 through Hp9 (sequences published in reference 7), and only those used in PCR are included in Table 1 along with the oligonucleotides used for mutagenesis. The oligonucleotides used to sequence the rdxA genes, rdxAP1 and rdxAP12, are described in the work of Wang et al. (37) . PCR amplification of DNA for sequencing was carried out using Taq polymerase as specified by the manufacturer. DNA sequencing was carried out using the Thermo Sequenase Cycle Sequencing kit (Amersham Pharmacia Biotech) or performed using a CEQ2000 sequencer (Beckman Coulter, Inc., Mississauga, Ontario, Canada) in the DNA Services Laboratory, Department of Biochemistry, University of Alberta. DNA sequence analysis was performed using the LASERGENE software package (DNASTAR, Inc., Madison, Wis.), and Blast searches were carried out using the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih .gov).
Cloning of an H. pylori 16S rRNA gene. With the genome sequence of H. pylori 26695 (34), primers were designed to amplify one of the 16S rRNA genes, including the promoter region, by PCR. The sequences of Hp12 and Hp13 are shown in Table 1 . The primers contained restriction sites, SphI (Hp12) and BamHI (Hp13), to generate products that could then be cloned into the pOK12 vector (36) . The gene was amplified using the high-fidelity polymerase Platinum Pfx (Invitrogen) to minimize errors. The manufacturer's recommended conditions were followed for 30 cycles of 94°C for 45 s, 50°C for 1 min, and 68°C for 2.5 min. PCR products (2.4 kb) were purified by extraction from agarose gels and cloned into pOK12 to give p16S. Restriction digestion and DNA sequencing were used to confirm that clones were correct.
Mutation of 16S rRNA genes. Recombinant PCR, as outlined previously (10) but with substitution of Platinum Pfx polymerase for Taq polymerase, was used to individually recreate the mutations identified in H. pylori 109. With the p16S plasmid as template, the Hp12 primer and one reverse Hpmut primer formed the first product, while Hp13 and a forward Hpmut primer produced the second product. The two products were purified from an agarose gel and mixed in equivalent amounts, as judged from agarose gel electrophoresis, to be the tem-plate for a third round of PCR with the Hp12 and Hp13 primers. The product of this reaction was then cloned into pOK12 and confirmed to be correct by restriction digestion and DNA sequencing.
Transformation of H. pylori. The procedure for natural transformation is essentially that described in the work of Ge and Taylor (8) . H. pylori 26695 was spread onto BHI-YE plates and grown for 3 days. Cells were scraped onto fresh plates and incubated at 37°C for 6 h, after which 15 l of aliquots of DNA was spotted onto the cells. The plates were incubated for another 20 h, at which time the spots were scraped and the cells were spread onto plates containing 2 or 4 g of tetracycline/ml. The spots contained an average of 5 ϫ 10 7 cells as determined from plating serial dilutions of mock-treated spots. Plates were incubated for 5 days to select for transformants. The DNA samples used in the natural transformation experiments were purified PCR products. The method for electroporation of H. pylori was described previously (8) . Bacteria were harvested and washed in 10% glycerol. DNA (approximately 0.5 g) was mixed with 0.2 ml of cells, transferred to an electroporation cuvette (0.2-cm gap), and placed in a Bio-Rad Gene Pulser (Bio-Rad, Hercules, Calif.). A single pulse of 12.5 ms at 2.5 kV (12.5 kV/cm) with a 25-F capacitor and a resistance of 600 ⍀ was used for transformation. Cell suspensions were plated on BHI-YE plates and incubated for 20 h before being transferred to selective plates.
Construction of a 16S rRNA gene deletion strain of H. pylori. A deletion mutant of the 16S rRNA gene was constructed by cutting p16S with HindIII, leaving only 110 bp of the upstream promoter and about 300 bp downstream of the gene. The ends were filled in using T4 DNA polymerase, and a chloramphenicol acetyltransferase (cat) gene (38) was cloned in, allowing the deletion mutant to be selected by growth on 15 g of chloramphenicol/ml. The 16S rRNA gene deletion was amplified with Hp12 and Hp13 primers to give a 1.1-kb product that was purified and transformed into 26695 by electroporation. Transformants appeared only after incubation for 10 days. The insertion of the 16S deletion in the chromosome was detected by the PCR amplification of two bands with primers Hp14 and Hp15, one of 2.4 kb (wild type) and one of 1.1 kb (chloramphenicol-disrupted gene). One of the strains, UA1374 (26695 rrs::cat) carrying the 16S deletion, was chosen for further study.
Serial passage on tetracycline. Tetracycline concentrations in the plates ranged from 0.063 to 16 g/ml. Metronidazole was added at a concentration of 0.5 or 4 g/ml. Cells were streaked onto a plate containing the lowest concentration of tetracycline, allowed to grow for 3 days, and then streaked onto a plate with a twofold increase in tetracycline. Four strains, 26695, UA1374, NCTC 11639, and A12, were used. Strains were passaged until no growth occurred.
Nucleotide sequence accession numbers. The sequences of the 16S rRNA genes (accession no. AY062898 and AY062899) and the rdxA genes (AY063488 and AY063489) of H. pylori strains 108 and 109, respectively, have been deposited in GenBank.
RESULTS
Tetracycline resistance of H. pylori. The tetracycline-resistant H. pylori isolates 108 and 109 were cultured to determine the MICs of tetracycline for them by the agar dilution method. MICs of tetracycline for susceptible H. pylori strains are usually between 0.125 and 0.5 g/ml (33), and the MIC for strain 26695 is 0.5 g/ml (Table 2 ). Both strain 108 and strain 109 grew very well on agar containing 0.5 to 16 g of tetracycline/ml after only 2 days of incubation. When plates were incubated for 3 additional days, colonies appeared on the 32-g/ml tetracycline plates and it appeared that faint growth was present on plates containing 64 to 128 g/ml. However, when the apparent bacterial growth on these plates was restreaked onto nonselective plates, only the bacteria from the 32-g/ml tetracycline plate were viable. Thus, the MIC of tetracycline for both 108 and 109 is 64 g/ml. The reported MICs of tetracycline were Ͼ256 g/ml for 108 and 32 g/ml for 109, but these had originally been determined by an alternate method, the E test (18) . MIC determinations were repeated several times and remained stable.
The 16S rRNA genes of strains 108 and 109 were amplified by PCR and sequenced. The 16S rRNA genes were amplified with primers based upon the published sequences of H. pylori (7) and did not distinguish between the two copies present on the chromosome. Previous sequencing of these genes found only one sequence per strain, indicating a homogeneity of the 16S rRNA genes in each strain (7), as has also been shown previously for the 23S rRNA genes in H. pylori (32) . A single sequence was obtained for the 16S rRNA genes of each tetracycline-resistant strain, indicating that the genes in these strains were also homogeneous. The 16S rRNA gene sequences of strains 108 and 109 were compared with published H. pylori 16S sequences in Fig. 1 , which shows a sequence alignment of the 108 and 109 16S rRNA genes with a consensus sequence derived from aligning the other H. pylori 16S rRNA genes. None of the strains had the exact same sequence. For the tetracycline-resistant strains, there were four unique nucleotide changes in strain 108 and six in 109. The numbering of the 16S rRNA nucleotides is based on the E. coli 16S rRNA and is used throughout. Both strains had a mutation of G360 to A in domain I and a triplet mutation of AGA965-967TTC in domain III. An additional two nucleotides were deleted in strain 109, G771 in domain II and G942 in domain III. These changes are depicted by arrows on a secondary structure model of the H. pylori 16S rRNA (Fig. 2) together with information on tetracycline interactions and tRNA binding. The 16S rRNA genes from strains 108 and 109 were identical along their entire length, with the exception of the two extra deletions in 109, and differed from the rest of the H. pylori 16S sequences, a strong indication that they are both derivatives of the same strain.
Transfer of tetracycline resistance by natural transformation. H. pylori strains are naturally competent and take up exogenous DNA, incorporating it into the chromosome by homologous recombination (8) . Natural transformation was used to determine the ability of the 16S rRNA gene from strain 109 to mediate tetracycline resistance. The gene was amplified by PCR using oligonucleotides Hp1 and Hp9 to give a 1.5-kb product that did not include the promoter region. This was then transferred to the tetracycline-susceptible strain 26695, and transformants were selected by plating strains on 2 g of tetracycline/ml. A higher level of tetracycline was used originally for selection (8 g/ml), but no transformants were isolated, suggesting that perhaps recombination into both copies of the 16S rRNA genes must take place to give high-level resistance. Time may also be required for the mutation to establish itself, i.e., for resistant populations of ribosomes to accumulate. A level of 2 g of tetracycline/ml represents a fourfold increase over the MIC of tetracycline for strain 26695. Transformants were isolated for which MICs of tetracycline were 4 and 16 g/ml. Sequencing of the 16S rRNA genes on the chromosome was attempted, but more than one sequence was present, likely due to the deleted residues present in the strain 109 gene compared to the native strain 26695 16S rRNA genes. With four regions of sequence substitutions, it is possible that not all changes were incorporated into both of the chromosomal genes, as the entire DNA fragment may not have been involved in the recombination. A mixture of susceptible wild-type and resistant mutant ribosomes would account for intermediate levels of resistance to tetracycline. Negative controls in which no DNA was added to the cells did not give rise to any colonies.
Mutagenesis of the H. pylori 26695 16S rRNA genes. Rather than deconvoluting the mixed results from the above transformants, we decided to determine which of the nucleotide changes in the 16S rRNA genes were involved in tetracycline resistance by mutagenesis of a single residue at a time. Each mutation was introduced individually into the 16S rRNA gene. The 16S rRNA gene (including approximately 600 bp upstream and 300 bp downstream) was amplified by PCR using a high-fidelity polymerase, Pfx. This gene was cloned into the vector pOK12, sequenced, and used as the template for mutagenesis and as a negative control. The mutations G360A, AGA965-967TTC, A965T, G966T, and A967C and the deletions of G771 and G942 were constructed by recombinant PCR, again using Pfx to minimize errors. The P. acnes 16S rRNA mutation, G1058C, was also recreated in the H. pylori 16S rRNA gene. Mutant 16S rRNA genes were cloned and then sequenced to ensure that only the desired mutation was present. The plasmids containing the 16S rRNA genes did not mediate tetracycline resistance in the host E. coli strain.
These plasmids then served as templates to amplify the 16S rRNA genes, either the complete 16S rRNA gene minus the promoter (Hp1/Hp9) or a small fragment of about 300 bp containing the mutation (Hp1/Hp7 for G360A or Hp3/Hp8 for the remainder). These DNA fragments were used to transform 26695. Tetracycline-resistant mutants were selected by plating on 2 or 4 g of tetracycline/ml. At 4 g of tetracycline/ml only DNA encoding the triple mutation AGA965-967TTC was able to confer resistance on 26695. Both the long and short 16S rRNA gene fragments were taken up and recombined into 26695. Transformants were passaged on tetracycline to ensure their stability, and then the incorporation of the triple mutation into the chromosomal 16S rRNA genes was confirmed by DNA sequencing. In all cases there was no sequence heterogeneity, indicating that the mutant DNA had recombined and replaced both 16S rRNA genes. At a concentration of 2 g of [9] ; AF361935 [D. Queiroz, A. Oliveira, G. Rocha, S. Moura, E. Camargos, P. Valle, L. Bicalho, and R. Dani, unpublished data]). Small partial sequences or those from strains not specified as H. pylori were excluded, as were duplicate sequences of the same strain. Alignments were generated using the LASERGENE software package. The 108 and 109 16S rRNA gene sequences were aligned with the consensus H. pylori sequence. Sequence variations are boxed, and the mutation from the tetracycline-resistant P. acnes isolates is marked with an arrow.
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16S rRNA MUTATIONS MEDIATE TETRACYCLINE RESISTANCE 2135 tetracycline/ml it was possible to isolate colonies from the other transformation reactions but these were false positives, as they did not grow when restreaked on the same concentration of tetracycline. The MICs of tetracycline for the 16S AGA965-967TTC transformants were determined to be 32 to 64 g/ml; some clones were twofold-more resistant than others were. The triple mutant grew as well as did the wild-type 26695, and the mutation and tetracycline resistance were retained over several months, several passages, and storage at Ϫ80°C. These results were also duplicated using strain NCTC 11639 and selection on 4 g of tetracycline/ml, as the MIC of tetracycline for this strain is 1 g/ml. Only DNA containing the AGA965-967TTC mutation was able to confer tetracycline resistance on NCTC 11639 (Table 2) . No spontaneous tetracycline resistance mutations of either NCTC 11639 or strain 26695 were ever isolated (mutation frequency of Ͼ10 Ϫ8 mutants/number of cells plated).
Metronidazole resistance in tetracycline-resistant H. pylori. Previous studies have linked tetracycline and metronidazole resistance and their transfer to susceptible organisms (12, 14, 18) . We determined the metronidazole susceptibilities of the tetracycline-resistant H. pylori and the transformants. As metronidazole becomes mutagenic when reduced, spontaneous mutations are observed and complicate MIC determinations (11, 28) . We used two different methods, but both methods use a lower inoculum than that for the standard NCCLS procedure, and this seems to give more reproducible results. Both our standard method and the one proposed by Jeong et al. (11) gave similar results, with the second method typically giving a value twofold less than that of our standard method (Table 2) . When heavier inocula were tested, the MIC of metronidazole increased two-to fourfold (data not shown). Both strain 108 and strain 109 were highly resistant to metronidazole, with MICs being 64 to 128 g/ml. H. pylori 26695 was metronidazole susceptible, with the MIC being 1 to 2 g/ml. All of the tetracycline-resistant transformants of strains 26695 and NCTC 11639 were susceptible to metronidazole, indicating that the tetracycline resistance phenotype is not genetically linked to metronidazole resistance. The rdxA gene from these strains was sequenced and found to be identical in the two strains. There were two unique mutations in the amino acid sequence of RdxA that were not found in other RdxA sequences as revealed by a Blast search of the protein databases, A118S and a deletion of Y141. An A118T mutation was seen previously for a metronidazole-susceptible strain (30) , and so it appears that the Y141 deletion may be responsible for resistance. Transfer of the rdxA genes from strains 108 and 109 to H. pylori 26695 did confer metronidazole resistance on transformants but did not confer tetracycline resistance. Selection of tetracycline-resistant H. pylori. The presence of only two rRNA operons in H. pylori increases the likelihood of isolating strains with tetracycline resistance mutations in the 16S rRNA by serial passage on increasing concentrations of tetracycline. To increase the likelihood of being able to isolate mutants, a strain was constructed from 26695 in which one 16S rRNA gene was replaced by a chloramphenicol resistance gene. This strain, UA1374, grew very slowly, taking an average of 10 days to grow versus the 3 to 4 days for 26695. The deletion strain was also twofold-more susceptible to tetracycline; the MIC of tetracycline for UA1374 was 0.25 g/ml, reduced from 0.5 g/ml for strain 26695. Two additional strains of H. pylori were tested, NCTC 11639 and A12 (a metronidazole-resistant derivative of 11639 for which the MIC was 64 g/ml), to determine if the prior metronidazole resistance increased the likelihood of isolating tetracycline-resistant mutants.
Strains were serially passaged on increasing concentrations of tetracycline from a level well below the MIC (0.063 g/ml) until they would no longer grow. The MICs of tetracycline increased fourfold for all the strains (eightfold for 11639) and would go no further. Metronidazole was added at 0.5 g/ml, a concentration just below the MIC (1 to 2 g/ml) for the strains 26695, 11639, and UA1374, but no tetracycline-resistant mutants were isolated. Mutants displaying high-level resistance to tetracycline were not isolated even with strain A12 in the presence of 4 g of metronidazole/ml. When the 16S rRNA genes from these passaged strains were sequenced, they were all found to have a deletion at G942.
DISCUSSION
We have shown that mutations found in the 16S rRNA genes of two tetracycline-resistant clinical isolates of H. pylori can confer tetracycline resistance on susceptible strains. Two strains of H. pylori, 26695 and 11639, were made resistant to tetracycline by transformation with the 16S rRNA gene from strain 109. We identified several unique (among H. pylori strains) sequence variations in the 16S rRNA genes of this strain, and these have been placed on a secondary structure model of the H. pylori 16S rRNA in Fig. 2 (indicated by thick  arrows) . The mutations AGA965-967UUC (h31 loop) and the G942 deletion are located in domain III. Several nucleotides in this region interact with tRNA molecules. In particular, the base G966 directly contacts the anticodon loop of the tRNA in the P site (40) . Tetracycline has been shown previously to enhance the chemical reactivity of bases at positions 1052 and 1054 (19) and to photolabel bases 1300 and 1338 (22) . Like G966, nucleotides 1338 and 1339 are in close proximity to the (19) . Circled letters indicate nucleotides that contact tRNA molecules in the 70S crystal structure (40) at the A site (A), the P site (P), or the E site (E). (B) Close-up of the region involved in tetracycline resistance. The boxed residues of h34 and h31 make up the primary or Tet-1 binding site (4, 23) . The triple mutation AGA965-967UUC is indicated by the triple asterisk. The G1058C mutation is marked by a solid diamond.
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16S rRNA MUTATIONS MEDIATE TETRACYCLINE RESISTANCE 2137 P-site tRNA (40) and are near the G942 deletion. Nucleotide 1054 contacts the A-site tRNA (40) and is very near G1058, the P. acnes tetracycline resistance mutation. Tetracycline binding also disrupts a 16S rRNA cross-link between C967 and C1400 in the E. coli 30S ribosomal subunit (21) . The crystal structures of the 30S ribosome-tetracycline complexes show tetracycline interacting primarily with atoms of the phosphodiester backbone of nucleotides in h34 and the loop of h31, the boxed residues in Fig. 2B (4, 23) . In contrast, the G360A mutation (domain I) and the G771 deletion (domain II) are in regions of the 16S rRNA not closely associated with either tetracycline or tRNA binding.
Of the several sequence variations present in the 16S rRNA genes of strain 109 only DNA encoding the triple AGA965-967TTC mutation was found to confer tetracycline resistance on a susceptible strain. These mutations overlap the primary tetracycline binding site (Fig. 2B) and part of the P site (G966). The A site is in close proximity as well, with the base C1054 contacting the A-site tRNA and the backbone forming part of the tetracycline binding site (4, 23, 40) . A phylogenic analysis of the 16S rRNA from eubacteria showing the conservation of each base at every position can be found at www.rna.icmb.utexas.edu/CSI. Among the nucleotides of the h31 loop, nucleotide 965 was the least conserved of the three, with a U present in 53% of sequences, the remainder being A (37%), C (9%), and G (2%). Nucleotide 966 was the most conserved, with G being present in 97.5% of sequences. Nucleotide 967 was a C in 85% of sequences and an A in only 13%. The triple mutation changed the rRNA from AGA to UUC; the first and last bases were changed to the eubacterial preferred nucleotides, but the middle substitution (U966) is found in only 0.15% of eubacterial 16S rRNA genes (www.rna.icmb.utexas.edu/CSI). Organisms with the 16S rRNA sequence of UGC at 965 to 967 (such as E. coli) are tetracycline susceptible, so it is likely that the substitution of the middle G residue is primarily responsible for resistance. However, transformation with a mutant 16S rRNA gene containing only the G966T substitution did not give rise to resistant colonies when colonies were selected on 2 to 4 g of tetracycline/ml. The presence of the additional mutations may add some aspect of stability or a functional advantage to the rRNA that is lacking with a sequence of AUA. The tetracycline-resistant H. pylori strains 108 and 109 grow much faster than did H. pylori 26695; thus, the mutations in the 16S rRNA do not seem to be inhibitory. We predict that bacteria with a residue other than G at position 966 may be intrinsically resistant to tetracycline.
The exact mechanism by which the h31 loop mutations mediate tetracycline resistance was not determined in this study. As mentioned, both 30S ribosome crystal structures include four residues of the h31 loop, 964 to 967, in the primary or Tet-1 binding site (4, 23) . In these structures, however, it is primarily the phosphodiester backbones of h34 and the h31 loop that interact with tetracycline. There is a hydrogen bond between tetracycline and the O2P of G966 (4) that may be lost by a nucleotide substitution at this position. The 30S ribosomal subunits in the crystal structures were purified from Thermus thermophilus and have the sequence AGC at positions 965 to 967 of the 16S rRNA. Both structures identified more than one tetracycline binding site, two in one structure (4) and six in the other (23) .
Only the primary or Tet-1 site was fully occupied, and it is the most probable site at which tetracycline inhibits protein synthesis. The most likely explanation for the tetracycline resistance conferred by this 16S rRNA mutation is the loss or weakening of tetracycline binding due to alteration of the functional binding site. A decrease in the ribosome's affinity for tetracycline may increase the ability of the tRNA to compete for binding. The residue identified in the tetracycline-resistant P. acnes mutants is directly adjacent to the primary binding site (4, 23, 25) , but this mutation did not mediate tetracycline resistance in H. pylori. The effects of this mutation were quite varied in P. acnes, with MICs of tetracycline ranging from 2 to 64 g/ml. This residue may be too far from the tetracycline binding site to significantly interfere with binding.
Tetracycline-resistant H. pylori isolates are also resistant to metronidazole (14, 18) . Metronidazole resistance in the overwhelming majority of H. pylori strains is due to mutations in the rdxA gene, which codes for an NADPH nitroreductase (11) , and may involve mutations of an NADPH flavin oxidoreductase, FrxA (13) . Strains 108 and 109 have a unique deletion of amino acid Y141 in the RdxA protein that is likely the cause of metronidazole resistance. In a previous study transformation of susceptible strains with genomic DNA generated only isolates with both metronidazole and tetracycline resistance (14) . Analysis of the H. pylori genome sequences (1, 34) indicates that the smallest distances between rdxA and one of the 16S rRNA genes are 193 kb in strain 26695 and 205 kb in strain J99. The frxA gene and the 16S rRNA genes are even further apart, at minimum distances of 519 and 537 kb in 26695 and J99, respectively. The metronidazole resistance determinants were not identified in the study of tetracycline and metronidazole resistance by Kwon et al. (14) , but it is possible that the distances between rdxA and the 16S rRNA genes may not be as great in these isolates, as H. pylori is noted for its genetic diversity (2) . In this study we have separated these two phenotypes. Transfer of the tetracycline resistance phenotype by transformation with the isolated 16S rRNA gene from a resistant organism demonstrates that this trait is not physically linked to metronidazole resistance and that it is due to mutations in the 16S rRNA gene.
Mutation of the residues in h31 did not appear to affect the growth rate of H. pylori, but replacement of one of the 16S rRNA genes with the cat gene did. Serial passage on increasing concentrations of tetracycline did not select any high-leveltetracycline-resistant organisms. After several passages, strains for which MICs of tetracycline displayed a fourfold increase were isolated. The 16S rRNA gene deletion strain did not demonstrate any increased frequency of mutation to tetracycline resistance. The finding that all characterized tetracyclineresistant H. pylori strains are also metronidazole resistant (14, 18) suggests that there may be a progressive acquisition of resistance where metronidazole resistance may be required before tetracycline resistance can develop. Metronidazole in H. pylori is converted to an active, mutagenic form (28) that could potentially increase mutations in the 16S rRNA genes. However, although we could increase the MIC of tetracycline for a metronidazole-resistant mutant to 8 g/ml, we did not isolate any resistant mutants comparable to strains 108 and 2138 TRIEBER AND TAYLOR J. BACTERIOL.
on March 1, 2013 by PENN STATE UNIV http://jb.asm.org/ 109. The strains with increased resistance to tetracycline all had a deletion of G942. This residue is located at the Tet-4 binding site identified in one of the 30S structures (23) and is deleted in strain 109. Additionally, G942 is located near nucleotides that make contacts with P-and E-site tRNAs (40) , as seen in Fig. 2A . The occupancy of the Tet-4 site by tetracycline in the 30S subunit-tetracycline crystal structure is only half of that of the Tet-1 site (23) . This site may contribute to tetracycline inhibition, but it is not the major, high-affinity site of tetracycline action. No mutations in h31 or h34 were identified by this method. No spontaneous tetracycline resistance mutations were ever isolated in these studies. Their rare emergence in a clinical setting may be due to the circumstances of treatment and the nature of the gastric environment.
Tetracycline together with metronidazole and bismuth is often used as a low-cost treatment or a rescue therapy (with a proton pump inhibitor) to resolve H. pylori infections (17, 27) , and thus tetracycline resistance in this organism is increasingly a concern (12, 39) . In this study, we have identified mutations in h31 of the 16S rRNA of clinical isolates of H. pylori that when transferred to susceptible strains mediated tetracycline resistance. These mutations are located at the primary tetracycline binding site and are likely to alter the affinity of the ribosome for this antibiotic. The H. pylori strains in this study did not acquire the h31 mutations from serial passage on tetracycline, perhaps reflecting the rarity of the emergence of tetracycline-resistant H. pylori in clinical settings. However, once exposed to DNA containing the mutations they easily took it up and recombined it into the chromosome, thus acquiring resistance. The 16S rRNA triple mutation was not deleterious to the organism's growth and was stably maintained. Tetracycline resistance in H. pylori is due to ribosomal mutations and can be spread through natural transformation events.
